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ABSTRACT
Recent works have studied the late-time light curves of Type Ia supernovae (SNe Ia) when these
were older than 500 days past B-band maximum light. Of these, SN 2014J, which exploded in the
nearby galaxy M82, was studied with the Advanced Camera for Surveys onboard the Hubble Space
Telescope (HST ) by Yang et al. Here, I report complementary photometry of SN 2014J taken with
the HST Wide Field Camera 3 when it was ∼ 360–1300 days old. My F555W measurements are
consistent with the F606W measurements of Yang et al., but the F438W measurements are ∼ 1 mag
fainter than their F475W measurements. I corroborate their finding that even though SN 2014J has
spatially resolved light echoes, its photometry is not contaminated by an unresolved echo. Finally,
I compare the F438W and F555W light curves of SN 2014J to those of the other late-time SNe Ia
observed to date and show that more intrinsically luminous SNe have slower light-curve decline rates.
This is consistent with the correlation claimed by Graur et al., which was based on a comparison of
pseudo-bolometric light curves. By conducting a direct comparison of the late-time light curves in
the same filters, I remove any systematic uncertainties introduced by the assumptions that go into
constructing the pseudo-bolometric light curves, thus strengthening the Graur et al. claim.
Keywords: nuclear reactions, nucleosynthesis, abundances — supernovae: general — supernovae: in-
dividual (SN 2014J)
1. INTRODUCTION
Over the years, several observational techniques have
been developed to constrain the nature of the progenitor
and explosion mechanism of Type Ia supernovae (SNe
Ia; see review by Maoz et al. 2014). These methods
include, but are not limited to, reconstruction of the
delay-time distribution through measurements of SN Ia
rates (see Maoz & Graur 2017 for the latest summary);
analysis of pre-explosion imaging (e.g., Li et al. 2011;
Graur et al. 2014; Kelly et al. 2014; Graur & Woods
2018); and multi-wavelength observations (e.g., Horesh
et al. 2012; Margutti et al. 2012, 2014; Chomiuk et al.
2016).
Recently, late-time observations of SNe Ia > 500 days
past B-band maximum light (hereafter referred to sim-
ply as, e.g., > 500 days) have been suggested as a new
way to constrain SN Ia progenitor, explosion, and neb-
ular physics. Several works have shown that, starting
Corresponding author: Or Graur
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at ∼ 800 days, the decline of the optical light curves
of SNe Ia begins to slow down. Until that point, the
light curves are dominated by the radioactive decay of
56Co. The slow-down in the decline rate of the light
curves indicates that an additional source of energy is
contributing to the heating of the SN ejecta.
Graur et al. (2016) showed that the light curve of SN
2012cg was consistent with a combination of 56Co and
57Co radioactive decays (as predicted by Seitenzahl et al.
2009). The same was shown by Shappee et al. (2017)
for SN 2011fe and by Yang et al. (2018) for SN 2014J.
According to Shappee et al. (2017), the late-time pho-
tometry of SN 2011fe was precise enough to rule out the
single-degenerate progenitor scenario (Whelan & Iben
1973), but Dimitriadis et al. (2017) and Kerzendorf et al.
(2017) showed that similar data could also be fit with
models that assumed either atomic freeze-out (Fransson
& Kozma 1993; Fransson & Jerkstrand 2015) or a chang-
ing fraction of positron trapping (which could be due,
for example, to temporal variations in the magnetic field
of the ejecta; Penney & Hoeflich 2014).
Graur et al. (2018a,b) analyzed the late-time light
curves of five SNe Ia and claimed a possible correlation
ar
X
iv
:1
81
0.
07
25
8v
2 
 [a
str
o-
ph
.H
E]
  1
5 N
ov
 20
18
2 Or Graur
F555W
F814W
2015-02-02
F438W
2015-07-20 2016-01-02 2016-07-02 2016-10-17
1"N
E
2017-03-16
Figure 1. Difference images of SN 2014J in F438W (top row), F555W (center row), and F814W (bottom row). The SN is at
the center of each panel, which is 4′′ on a side. The spatially resolved light echoes (white arc and diffuse “ring”) can be seen
advancing with time. The dark arc marks the location of the light echo in the template image used in the subtraction. The SN
is no longer detected in the final difference image in each filter.
between the decline rate of the late-time light curve and
the intrinsic luminosity of the SNe. This correlation was
challenged by Jacobson-Gala´n et al. (2018); based on a
single epoch of photometric measurements of SN 2013aa
at ≈ 1500 days, they claimed that it significantly fell of
the correlation.
The correlation claimed by Graur et al. (2018a,b) suf-
fers from two main sources of uncertainty: a statistical
uncertainty due to the small number of SNe observed at
> 500 days and a systematic uncertainty due to the dif-
ferent assumptions that go into the construction of the
pseudo-bolometric light curves on which the correlation
is based. Here, I attempt to remove the second source
of uncertainty by directly comparing observations of the
SNe studied by Graur et al. (2018a,b) in the same filters.
This is made possible by new observations of SN 2014J.
The late-time light curve of SN 2014J was studied by
Yang et al. (2018) using data taken with the Advanced
Camera for Surveys (ACS) onboard the Hubble Space
Telescope (HST ). In Section 2, I present complementary
data taken with the HST Wide Field Camera 3 (WFC3).
I show that the new photometry is consistent with that
of Yang et al. (2018) but, crucially, includes data in
F438W and F555W, which allows a direct comparison
with similar photometry of SNe 2011fe, 2012cg, 2015F,
and ASASSN-14lp. In Section 3.1, I confirm the con-
clusion reached by Yang et al. (2018) that, although SN
2014J has spatially resolved light echoes, the photome-
try of the SN itself is not contaminated by an unresolved
echo. In Section 3.2, I show that the correlation claimed
by Graur et al. (2018a,b) is still apparent when exam-
ining the observed—instead of pseudo-bolometric—light
curves. I summarize my findings in Section 4.
2. OBSERVATIONS AND PHOTOMETRY
SN 2014J was discovered by Fossey et al. (2014) on
2014 Jan. 21.8 in the nearby (3.3 Mpc; Foley et al. 2014)
starburst galaxy M82. With a SiFTO stretch value of
1.086± 0.010 (Conley et al. 2008; Childress et al. 2015),
SN 2014J is a luminous but still normal SN Ia. Accord-
ing to Marion et al. (2015), the SN reached peak B-band
light on 2014 Feb. 1.7 (MJD 56689.74±0.13); all phases
in this work are measured relative to this date.
For this work, I used WFC3 images of SN 2014J in the
broad-band filters F438W, F555W, and F814W taken
under HST programs GO–13626 (PI: Lawrence), GO–
14146 (PI: Lawrence), GO–14700 (PI: Sugerman), and
SNAP–15166 (PI: Filippenko). These programs imaged
SN 2014J between 2014 Mar. 11 and 2017 Dec. 17. In
this work I concentrate on the late-time light curve of
SN 2014J, and so only present data starting at 2015 Feb.
2, when the SN was ∼ 365 days old.
I used the AstroDrizzle task included in the Driz-
zlePac Python package1 (Hack et al. 2012) to align the
HST FLC images and remove cosmic rays and bad pix-
els. Next, I aligned the images using the IRAF2 routines
xregister and wcscopy (Tody 1986, 1993). Finally, I
1 http://drizzlepac.stsci.edu/
2 http://iraf.noao.edu/
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Table 1. Observation log for SN 2014J.
MJD Phase Filter Exposure Magnitude
(days) (days) (s) (Vega mag)
57055.2 365.5 F555W 384 18.824± 0.002
57055.2 365.5 F438W 1536 19.962± 0.003
57223.1 533.4 F555W 432 21.36± 0.01
57223.1 533.4 F438W 1344 22.32± 0.01
57389.2 699.5 F555W 432 22.36± 0.03
57389.3 699.6 F438W 1344 23.73± 0.05
57571.1 881.4 F555W 1720 23.57± 0.06
57571.2 881.5 F438W 2420 24.86± 0.09
57678.1 988.4 F555W 1664 24.13± 0.10
57678.1 988.4 F814W 1640 23.48± 0.19
57678.1 988.4 F438W 2600 25.67± 0.18
57828.0 1138.3 F555W 1664 24.81± 0.19
57828.0 1138.3 F814W 1640 > 24.4
57828.0 1138.3 F438W 2600 > 26.1
57985.7 1296.0 F555W 1664 > 25.3
57985.7 1296.0 F814W 1640 > 24.4
Note. All photometry is measured using aperture pho-
tometry with a 0′′.4-diameter aperture. Upper limits rep-
resent a point source with a S/N ratio of 3 at the location
of the SN.
created difference images of the SN by subtracting the
last epoch in each filter from all earlier epochs. The
resultant difference images are shown in Figure 1. A vi-
sual inspection does not detect the SN in the template
images or in the final difference image in each filter.
SN 2014J is known to have spatially resolved light
echoes (Crotts 2015; Yang et al. 2017), which are ap-
parent in the difference images in Figure 1. To ensure
that the light echoes did not contaminate the photom-
etry of the SN, I performed aperture photometry with
a 0′′.4-diameter aperture, and used a sky annulus with
a radius larger than the farthest reach of the resolved
light echoes. I applied the latest aperture corrections,
as described by Deustua et al. (2016).3 The resultant
photometry, in Vega mags, is presented in Table 1 and
Figure 2. In epochs where the SN is undetected, I mea-
sured 3σ upper limits by estimating the magnitude at
which the SN would have a signal-to-noise (S/N) ratio
of 3.
Unlike the clean F438W and F555W difference im-
ages, the F814W difference images shown in Figure 1
are speckled with other point sources aside from SN
3 http://www.stsci.edu/hst/wfc3/phot zp lbn
2014J. A close look at some of these point sources shows
that they appear, with different brightnesses, in multiple
epochs. Thus, these point sources are likely to be vari-
able stars that, while visible in F814W, are extincted in
F438W and F555W.
The location of SN 2014J is known to suffer from high
host-galaxy extinction. Marion et al. (2015), for exam-
ple, measure a host-galaxy E(B − V ) = 1.23 ± 0.06
mag and RV = 1.46. Based on these values, and as-
suming a Cardelli et al. (1989) extinction law, through-
out this work I use host-galaxy extinction values of
AF438W = 3.2, AF555W = 1.9, and AF814W = 0.7 mags.
These values are consistent with the B, V , and I extinc-
tions measured by Foley et al. (2014) from the early-
phase light curve of SN 2014J. For line-of-sight Galactic
extinction, I rely on the Schlafly & Finkbeiner (2011)
measurements of AF438W = 0.6, AF555W = 0.5, and
AF814W = 0.2 mags.
As shown in Figure 2, the F555W photometry mea-
sured here is consistent with the F606W photometry
measured by Yang et al. (2018). This is expected, as
both filters cover roughly the same spectral range. On
the other hand, the F438W photometry is systemati-
cally fainter by ≈ 1 mag, which is probably due to the
fact that the ACS F475W filter is roughly 2.4 times
wider than the WFC3 F438W filter and so encompasses
a prominent spectral feature at ∼ 5400 A˚ (likely a com-
bination of [Fe II] and [Fe III]; Graham et al. 2015) that
is left out of the F438W filter.
3. ANALYSIS
In this section, I use the photometry measured in Sec-
tion 2 to show that SN 2014J is not contaminated by an
unresolved light echo (Section 3.1) and that an analysis
of the late-time F438W and F555W light curves of SNe
Ia is still consistent with the Graur et al. (2018a,b) claim
that more luminous SNe Ia have flatter light curves at
late times (Section 3.2).
3.1. Light echoes
To date, several SNe Ia have been shown to exhibit
light echoes, which are produced when the light of
the SN is reflected off nearby dust sheets. Unresolved
light echoes will contaminate the photometry of the SN
and cause its light curve to flatten out at late epochs
(Schmidt et al. 1994; Sparks et al. 1999; Quinn et al.
2006; Cappellaro et al. 2001; Wang et al. 2008; Drozdov
et al. 2015; Wang et al. 2018).
To test whether the photometry of SN 2014J is con-
taminated by an unresolved light echo, I repeat the ex-
ercise done by Graur et al. (2018a,b) and compare, in
Figure 3, the late-time B−V colors of SN 2014J to those
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Figure 2. Aperture photometry of SN 2014J in F438W
(blue filled circles), F555W (green filled squares), and
F814W (red diamonds), compared to the Yang et al. (2018)
photometry in F475W (blue open circles) and F606W (green
open squares). For clarity, the F438W, F475W, and F814W
measurements have been offset by +1, +1, and −1 mags,
respectively. Downturned arrows represent 3σ upper limits
on the magnitude of the SN in images where it is no longer
detected. As I explain in Section 2, I attribute the ≈ 1 mag
difference between the F438W and F475W measurements
to the shorter spectral coverage of F438W. The Yang et al.
(2018) photometry was converted from AB to Vega mags
using the respective HST ACS zero points.
of SN 2011fe (Shappee et al. 2017), which is known to be
free of light echoes (Graham et al. 2015; Shappee et al.
2017). I also compare these colors to those of the two
SNe at peak (as measured by Munari et al. 2013 and Fo-
ley et al. 2014 for SNe 2011fe and 2014J, respectively).
All magnitudes have been converted from the WFC3
filter sets to the Johnson-Cousins BV I filters and cor-
rected for Galactic and host-galaxy extinctions. The
filter-set conversions were calculated by comparing syn-
thetic photometry of a late-time spectrum of SN 2011fe
at 981 days (see Graham et al. 2015; Graur et al. 2018a).
The B−V colors of both SNe are redder at late times
than they were at peak. SN 2014J also has a V −I color
of −1.2 ± 0.2 mag at 988.4 days, which is bluer than
the peak V − I color of ∼ −0.3 mag. This behavior,
where the SN is bluer in V − I but redder in B − V ,
is consistent with the late-time colors of SNe 2011fe,
2015F, and ASASSN-14lp (Shappee et al. 2017; Graur
et al. 2018a,b). This is inconsistent with a light echo,
which would scatter the SN light to bluer wavelengths
and make it appear bluer than it was at peak in all col-
ors. Thus, even though SN 2014J has spatially resolved
light echoes, it appears that the aperture photometry
Figure 3. A comparison between the B − V colors of SN
2014J (green triangles) and SN 2011fe (black circles). The
dashed and solid curves represent the B − V colors of the
two SNe, respectively, at B-band maximum light. The gray
shaded band connecting the colors of SN 2011fe is a Gaussian
Process regression; the width of the band represents the 68%
uncertainty of the fit. The B−V colors of SN 2014J are offset
from those of SN 2011fe but show the same trend, i.e., they
are redder than the SN was at peak. A similar comparison
of a V − I color at 988.4 days shows that both SNe are bluer
in that color than at peak (see Section 3.1). Taken together,
these data rule out an unresolved light echo.
conducted here is not contaminated by an unresolved
echo, consistent with the findings of Yang et al. (2018).
3.2. The decline rate of the late-time light curve
Previous papers on the late-time light curves of SNe
Ia used multi-band observations to construct a “pseudo-
bolometric” light curve in the optical wavelength range
of ∼ 3500–10000 A˚. Briefly, in each epoch, a spectrum of
the SN is morphed to fit the observed photometry, which
is first corrected for Galactic and host-galaxy extinction.
A pseudo-bolometric flux is then measured by integrat-
ing the morphed spectrum over the observed wavelength
range. Finally, the pseudo-bolometric flux is converted
to a luminosity, taking into account the distance mea-
sured to either the SN or its host galaxy. This tech-
nique, though instructive, might introduce systematic
uncertainties for several reasons:
1. Only SN 2011fe has spectra taken 500–1000 days
after explosion (Graham et al. 2015; Taubenberger
et al. 2015). The pseudo-bolometric light curves
of SNe 2015F, ASASSN-14lp, and 2014J were
also constructed using these spectra (Graur et al.
2018a,b; Yang et al. 2018).
2. Those spectra only sample SN 2011fe at 593, 981,
and 1034 days. According to Graham et al. (2015),
SN 2011fe shows little spectral evolution between
the 593- and 981-day spectra. It is tacitly assumed
that this is true of other SNe Ia as well.
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Figure 4. The F438W (left panel) and F555W (right panel) light curves of SN 2014J (right-facing arrows) compared to those
of SNe observed in the same filters. SN 2011fe is represented by both HST measurements (filled diamonds) and LBT B- and
V -band measurements (open diamonds). The colormap in each panel is chosen to show that more luminous SNe Ia (with higher
stretch values), marked by darker hues, have light curves that decline more slowly at late times. The insets in both panels show
the decline rate of the light curve based on a linear fit to the data at 500 < t < 1000 days for F438W and 800 < t < 1300 days
(when the light curve is expected to begin to deviate from pure 56Co decay) for F555W.
3. Some SNe did not have full multi-band coverage
throughout the phase range in which the pseudo-
bolometric light curve was constructed, and ex-
trapolations were used to fill in the gaps (e.g., SN
2015F and ASASSN-14lp).
4. Although Galactic line-of-sight extinction towards
the SNe is well measured, there is still an ongo-
ing debate as to the extinction law (parameter-
ized by the total-to-selective extinction ratio, RV )
at the location of SNe Ia (e.g., Folatelli et al. 2010;
Chotard et al. 2011; Scolnic et al. 2014; Amanullah
et al. 2015).
5. The measurement uncertainties of the distances to
the SNe are not propagated into the final luminosi-
ties. This would impact the scaling of the resul-
tant pseudo-bolometric light curve, which could
bring into question the interesting claim that the
late-time light curves first converge at ∼ 600 days
before diverging at different decline rates (Graur
et al. 2018b; Jacobson-Gala´n et al. 2018).
Here, I remove these systematic uncertainties by fore-
going the construction of a pseudo-bolometric light
curve for SN 2014J. Instead, in Figure 4 I compare the
F438W and F555W photometry of SN 2014J measured
in Section 2 to those of SNe 2011fe, 2012cg, 2015F, and
ASASSN-14lp in the same filters. The F555W compar-
ison is of most value, since previous works have shown
that SNe Ia are most luminous in this filter. Moreover,
there is some evidence that the F555W flux should trace
the bolometric light curve. For example, Milne et al.
(2001) showed that between 50 and 600 days, a constant
fraction of the luminosity of SNe Ia is emitted in the V
band, which is comparable to F555W.
The photometry of the different SNe in Figure 4 is not
corrected for Galactic and host-galaxy extinction. Such
corrections, with their accompanying systematic uncer-
tainties, would only impact the scaling of the measure-
ments, which is not important for the analysis below.
As a simple test of the Graur et al. (2018a,b) correla-
tion, I perform a linear fit to the photometry of each SN
to measure the decline rates of their light curves. The
resultant rates are presented in Table 2 and shown in
the insets of Figure 4 as a function of the stretch, s, of
the SNe. The latter is correlated with the intrinsic lumi-
nosity of the SNe through the Phillips (1993) relation.
Ideally, the decline rate should be measured at t > 800
days, when previous works have shown that the late-
time light curve begins to appreciably deviate from dom-
ination by pure 56Co radioactive decay. This is possible
in F555W, but not in F438W, where there are fewer
measurements. For the latter filter, I measure the de-
cline rate at 500 < t < 1000 days. The decline rates in
F555W are measured in two phase ranges: 800 < t <
1300 days, shown in Figure 4, and 500 < t < 1000 days,
to facilitate a comparison with F438W.
SN 2011fe only has HST observations starting at
≈ 1100 days, but Shappee et al. (2017) also provide
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Table 2. Light curve decline rates.
Supernova Stretch ∆F438W χ2/DOF ∆F555W χ2/DOF ∆F555W χ2/DOF
mag/(100 days) mag/(100 days) mag/(100 days)
500 < t < 1000 days 500 < t < 1000 days 800 < t < 1300 days
SN 2015F 0.906± 0.005 1.05± 0.07 0.02/1 0.77± 0.02 26/7 1.07± 0.06 11/3
SN 2011fe 0.969± 0.010 0.81± 0.01 260/3 0.67± 0.01 17/3 0.62± 0.01 13/4
SN 2012cg 1.063± 0.011 · · · · · · 0.66± 0.03 · · · · · · · · ·
SN 2014J 1.086± 0.010 0.76± 0.02 11/2 0.62± 0.01 2/2 0.49± 0.07 0.1/1
ASASSN-14lp 1.150± 0.050 0.42± 0.10 0.03/1 0.39± 0.05 8/3 0.39± 0.05 8/3
earlier photometry in B and V . Because the latter mea-
surements are consistent with the HST measurements
taken at similar times (as shown in Figure 4), I include
them in my analysis. For SN 2012cg, which only has
two F555W measurements, I measure the decline rate
between those two visits and use it as an estimate of the
decline rate at 500 < t < 1000 days.
The light curve decline rates in both filters show the
same trend as the pseudo-bolometric light curves in pre-
vious works, i.e., more luminous SNe Ia (with larger
stretch values) exhibit flatter late-time light curves.
However, as also noted by previous works, a larger SN
sample is required to substantiate this trend.
4. CONCLUSIONS
I have presented new HST photometry of SN 2014J
when it was ∼ 360–1300 days old. These observations,
taken with WFC3, complement the HST ACS observa-
tions of this SN presented by Yang et al. (2018).
I have used these data to verify that, although SN
2014J exhibits spatially resolved light echoes, the pho-
tometry of the SN itself is not contaminated by an un-
resolved echo.
Whereas previous works used the photometry of each
SN to construct a pseudo-bolometric light curve, in this
work I conducted a direct comparison of the F438W
and F555W light curves of SNe 2011fe, 2012cg, 2014J,
2015F, and ASASSN-14lp. This removes any system-
atic uncertainties introduced by the construction of the
pseudo-bolometric light curve, as well as the use of ex-
tinction corrections and distance measurements.
I have measured the light curve decline rates of the
five SNe Ia mentioned above at 500 < t < 1300 days
in both F438W and F555W and have shown that
these are consistent with the correlation claimed by
Graur et al. (2018a,b): more luminous SNe Ia (with
higher stretch values) have slower-declining late-time
light curves. However, although in this work I have min-
imized the sources of systematic uncertainty that might
affect this claim, the main source of uncertainty—the
small sample size—remains unchanged. A larger sam-
ple of late-time SNe Ia, observed with the same filters
analyzed here, is required to definitively test the Graur
et al. (2018a,b) correlation.
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